Objectives-More than half of head and neck squamous cell carcinoma (HNSCC) patients are initially treated with curative intent, but will relapse over the course of their disease and have poor prognosis with a median survival of approximately 6 months. Novel therapeutic approaches are in desperate need for this patient population. The anti-apoptotic BCL-2 family proteins such as BCL-2, BCL-XL, and MCL-1 are involved in oncogenesis and chemoresistance and are overexpressed in HNSCC. Obatoclax is a small-molecule antagonist of the BH3-binding groove of anti-apoptotic BCL-2 family. We evaluated the activity of obatoclax against 4 HNSCC cell lines (UMSCC-1, Cal33, 1483, UMSCC-22A).
Introduction
Approximately 40,000 new cases of head and neck cancer are diagnosed annually in the United States (1) . Patients with head and neck squamous cell carcinoma (HNSCC) usually present with locoregionally advanced disease. However, recurrence of disease either in local or distant sites, after potentially curative treatment with surgery, radiation, and/or chemotherapy occurs in more than 50% of patients. These patients have a dismal prognosis with a median survival of only 6 months (2-4). Current treatment consists of platinum-based therapy that is difficult to tolerate and is indicated only in patients with good performance status. Therefore, new therapeutic approaches are needed, particularly in patients with recurrent and metastatic (R/M) HNSCC. The epidermal growth factor receptor inhibitor cetuximab is the last agent approved by the United States Food and Drug Administration for HNSCC, but exhibits an overall response rate of only 13% as a single agent for R/M HNSCC patients who failed platinum-based therapy (5) . Targeting anti-apoptotic proteins represents a promising strategy either alone or in combination with other therapies.
The anti-apoptotic members of the BCL-2 protein family, particularly MCL-1, BCL-2 and BCL-XL, are overexpressed in HNSCC and correlate with chemotherapy resistance (6) and poor clinical outcome (7) . Targeting these proteins might allow the restoration of apoptosis in HNSCC cells, while increasing the cytotoxicity of conventional chemotherapy or other targeted therapies. We previously reported the activity of ABT-737, a small-molecule inhibitor of BCL-XL and BCL-2 in HNSCC cells (8) . As a single agent, ABT-737 had minimal activity in HNSCC cell lines, although it showed potent synergy in combination with conventional chemotherapy such as cisplatin. However, ABT-737 fails to inhibit MCL-1, an anti-apoptotic BCL-2 family member that is expressed in approximately 90% of head and neck tumors (9) . Obatoclax is a small-molecule antagonist of the BH3-binding groove of anti-apoptotic members of the BCL-2 protein family, including MCL-1. Currently, gossypol and obatoclax are the only BCL-2 inhibitors in phase II clinical trials that are capable of inhibiting MCL-1 (10) . Although the activity of obatoclax has been reported in several hematological malignancies (11) (12) (13) and solid tumors (14) (15) (16) , its activity in HNSCC cells remain unknown.
In view of the paucity of effective targeting agents currently available for the treatment of HNSCC, we undertook an evaluation of the impact of obatoclax on HNSCC cells. We report that obatoclax potently inhibited the growth of 4 different HNSCC cell lines. Obatoclax treatment led to induction of HNSCC cell apoptosis and autophagy. Treatment with the autophagy inhibitor chloroquine potentiated the cytotoxicity of obatoclax, demonstrating that the induced autophagy exerts a pro-survival effect. These findings support the clinical evaluation of obatoclax as a single agent or in combination with an autophagy inhibitor in HNSCC patients.
Materials and methods

Cell cultures and reagents
Four human HNSCC cell lines UMSCC-1, Cal33, 1483 and UMSCC-22A were maintained in Dulbecco's Modified Eagles' Media (DMEM) from Cellgro (Manassas, VA), supplemented with 10% heat-inactivated fetal bovine serum (Clontech, Mountain View, CA), 100 units/ml penicillin, and 100 μg/ml streptomycin (Gibco, Grand Island, NY) at 37°C with 5% CO 2 in a humidified atmosphere. UMSCC-22A cells stably expressing GFP-LC3 have been previously described (17) , and were maintained in medium containing 500 μg/ml G418 (Cellgro, Manassas, VA). Obatoclax was purchased from Selleck Chemicals (Houston, TX), while chloroquine was purchased from Sigma (St. Louis, MO).
Assessment of cell viability
Cell proliferation was assessed by MTT (3-(4,5-dimethyl-thiazolyl-2)-2,5-diphenyltetrazolium bromide) assays, according to the manufacturer's instructions (Sigma, St. Louis, MO). Briefly, cells were seeded on 96-well plates at 5-10×10 3 cells per 100 μl per well and incubated overnight. After treatment with 0.1% DMSO (vehicle control), or obatoclax for 48 hrs, 15 μl MTT (5 mg/ml) was added to each well, and the cells were incubated for 2-4 hrs at 37°C. The cell supernatant was then replaced with 100 μl DMSO was added per well and incubation continued for 30 minutes at room temperature. The absorbance was recorded at 570 nm with a plate reader (Molecular Devices, Sunnyvale, CA). Data were normalized to vehicle treatment, and the half inhibitory concentrations (IC 50 ) were calculated using GraphPad Prism software (version 4.03; La Jolla, CA).
Assessment of apoptosis and cell cycle analysis
Cells were seeded at 0.05-0.1× 10 6 cells/ml in a 6-well plate and treated 24 hours later with vehicle or obatoclax (100-200 nM). For cell cycle evaluation, treated cells were harvested, washed in cold PBS, fixed in 70% ethanol and stored at 4°C. The cells were then treated with RNase-A solution (final concentration 0.2 mg/ml) at 37°C for one hour, and stained with propidium iodide (final concentration 10 μg/ml) prior to analysis. For apoptosis evaluation, similarly treated cells were washed with cold PBS prior to resuspension in 1× Annexin V binding buffer. Cell suspensions (100 μl) were stained with 5 μl of Annexin V for 15 minutes in the dark (BD Biosciensces, San Diego, CA), as previously described (8) . Flow cytometric determination of Annexin V staining and analysis of DNA content was performed using an Accuri C6 flow cytometer (Ann Arbor, MI). The percentage of apoptotic cells from three independent experiments was determined and presented as mean ± standard error of the mean (SEM).
Assessment of autophagy
UMSCC-22A cells stably expressing GFP-LC3 (18) were seeded on microscope coverslips at 0.35 × 10 6 cells/ml in 24-well plates and treated 24 hours later with vehicle or obatoclax (100-200 nM). Following 24-48 hrs of treatment, cells were fixed in 4% paraformaldehyde, rinsed twice with cold PBS, and briefly dried. Cells were then stained with Hoechst 33258 (Sigma, St. Louis, MO), followed by rinsing with PBS and sealing with mounting medium. A confocal Olympus Flueview 1000 microscope was used to visualize GFP-LC3 punctate dots. The average number of GFP-LC3 puncta per cell was determined by counting 5 random fields, with a minimum of 25 cells per field for each treatment group. Results were presented as the mean number of puncta per cell from 3 independent experiments ± SEM.
Protein extraction and Western blot analysis
Cells were seeded at 0.05-0.1 × 10 6 cells/ml in 6-well plates and treated 24 hours later with vehicle or obatoclax (100-200 nM). After treatment, non-adherent and adherent cells were harvested and combined, and cells were centrifuged at 1,300 rpm for 5 min at 4°C. The cells were then washed once in cold PBS, and lysed for 10 min on ice in lysis buffer (150 mM NaCl, 50 mM Tris pH 8.0, 0.1% SDS, 1% Nonidet P-40) containing protease inhibitor cocktail (1 tablet/10 ml; Roche Applied Sciences). Extracts were clarified by centrifugation and protein concentrations were determined using Bio-Rad DC Kits (Bio-Rad, Hercules, CA). Equivalent amounts of proteins were electrophoresed on 12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes which were blocked for 1 h in TBST buffer containing 5% nonfat milk. The membranes were probed overnight at 4°C with primary antibodies, followed by incubation with secondary antibody for 1 hr before development using enhanced chemiluminescence reagent (PerkinElmer Inc., Waltham, MA). The membranes were probed with antibodies specific for BCL-XL (sc-8392), MCL-1 (sc-819), Beclin-1 (sc-11427) from Santa Cruz Biotechnology Inc. (Dallas, TX); BCL-2 (M0887; Dako Corp., Carpinteria, CA), PARP (9542) from Cell Signaling Technology (Danvers, MA), LC3 (NB100-2220) from Novus Biologicals Inc. (Littleton, CO) and β-actin (A5441) from Sigma.
Statistical analysis
The data are presented as the mean of three independent experiments ± SEM. One-way ANOVA was used to assess differences in the means between the groups, followed by Tukey's multiple comparison test. P values less than 0.05 were considered as statistically significant. All statistical analyses were performed using Prism software (version4; GraphPad Software, Inc., San Diego, CA).
Results
Potent single-agent activity of obatoclax on HNSCC cell growth
In order to assess the impact of obatoclax (Fig. 1A ) treatment on HNSCC cells four HNSCC cell lines were employed: UMSCC-1, Cal33, 1483 and UMSCC-22A. Initially, the endogenous expression levels of the three major anti-apoptotic BCL-2 family members, BCL-2, BCL-XL, and MCL-1 was assessed (Fig. 1 B) . Notably, MCL-1 expression was readily detectable in all cell lines, but was lowest in UMSCC-22A. We then treated cells with varying concentration of obatoclax, followed by measurement of cell growth inhibition using MTT assays and determination of IC 50 values. Obatoclax showed potent single-agent activity with IC 50 's ranging from 46-177 nM in the four HNSCC cell lines (Fig. 1C) . The impact of obatoclax was dose-dependent, and UMSCC-22A cells, with the lowest MCL-1 expression levels, were found to be the least sensitive to obatoclax. Importantly, the recommended phase II dose for obatoclax is 28 mg/m 2 , given via intravenous infusion over 3 hours (19) . At this dose, a maximal concentration of 176 nM (coefficient of variation of 44%) can be achieved. Thus, concentrations of obatoclax sufficient for single-agent activity against HNSCC cells can be reached in patients.
Obatoclax has been shown to decrease the expression level of several anti-apoptotic gene products including MCL-1 (20) . Therefore, we examined the effects of obatoclax treatment on MCL-1 in the HNSCC cells. As shown in Fig. 2A , obatoclax treatment for 48 hours resulted in a decrease in the MCL-1 expression levels in both UMSCC-1 and Cal33 cells. By contrast, no changes in MCL-1 expression were observed in UMSCC-22A (not shown).
Obatoclax induces apoptosis signaling in HNSCC cells
To determine the impact of obatoclax on cell cycle status, treated cells were permeabilized and the DNA was stained with propidium iodide. Flow cytometric analysis demonstrated induction of a sub-G 1 population of cells in all 4 HNSCC lines, consistent with an induction of apoptotic cell death (Fig. 3A) . The appearance of sub-G 1 cells was accompanied in UMSCC-1 by decreased cells in G 1 , S and G 2 /M phases and in UMSCC-22A by decreased cells in G 1 -phase (Fig. 3A) .
In view of the increase in sub-G 1 cells following obatoclax treatment, we investigated apoptosis induction. As shown in Fig. 3B , flow cytometry detected dose-dependent increases in Annexin-V binding in UMSCC-1. In addition, treatment with obatoclax resulted in cleavage of poly(ADP-ribose) polymerase (PARP) protein (Fig. 3C) , indicative of caspase protease activation and apoptosis induction. Similar results were obtained for the other cell lines (not shown).
Obatoclax induces pro-survival autophagy in HNSCC cells
We next explored the impact of obatoclax on autophagy in the HNSCC cell lines. In initial experiments immunoblotting was used to measure expression levels of LC3-II protein. The expression levels of LC3-II are known to increase during autophagy induction, and the LC3-II protein associates with newly forming autophagasomes (21) . As shown in Fig. 4A , treatment with obatoclax markedly induced the expression of LC3-II in all 4 cell lines, suggestive of autophagy induction. To confirm the induction of autophagy by obatoclax, we utilized fluorescence microscopy to examine autophagosome formation in UMSCC-22A cells stably expressing GFP-LC3 protein (Fig. 4B) . Treatment of these cells for 24 or 48 hours with obatoclax (100 or 200 nM) resulted in relocalization of the GFP-LC3 protein to punctate cytoplasmic dots, an indicator of autophagosome formation (22) . Treatment with obatoclax resulted in an approximately 10-fold increase in the average number of puncta per cell at 48 hrs (Fig. 4C) as well as 24 hours (not shown).
Prior studies have shown that induction of autophagy can act to either promote cell survival, (17, 23) or promote cell death (24) . To determine whether the autophagy induced by obatoclax was exerting a pro-survival or a pro-death activity, we inhibited autophagy using chloroquine. While treatment with chloroquine alone (10 μg/ml; (18)) had minimal impact on the cells, co-treatment with chloroquine and obatoclax led to a reduction in the IC 50 's values for obatoclax in all 4 HNSCC cell lines (Fig. 4D) . UMSCC-1 exhibited the greatest increase in sensitivity to obatoclax (IC 50 s of 61 nM and 16 nM in the absence and presence of chloroquine, respectively), while UMSCC-22A exhibited the least (223 nM vs 107 nM). Given that chloroquine is a known late-stage inhibitor of autophagy, these findings suggest that obatoclax induces pro-survival autophagy which when inhibited potentiates the cytotoxicity of the drug.
Potential synergism between obatoclax and chloroquine was assessed in UMSCC-22A and UMSCC-1 cells, according to the method of Chou and Talalay (25) . At low concentrations, obatoclax and chloroquine synergized to induce cell death in UMSCC-22A cells, as evidenced by combination index (CI) values less than 1.0 (Fig. 4E) . However, at higher concentrations, the effects were only additive (CI values approximately 1.0; Fig. 4E ). In addition, synergism was not observed at any concentration in UMSCC-1 cells (not shown).
Discussion
Increased expression of the anti-apoptotic members of the BCL-2 protein family particularly MCL-1, BCL-2 and BCL-XL in HNSCC correlates with chemotherapy resistance (6) and poor outcome (7). These three major anti-apoptotic proteins are known to inhibit cell apoptosis, and therefore targeting them may restore the capacity of HNSCC tumor cells to undergo apoptosis. In contrast to ABT-737, which inhibits BCL-2 and BCL-XL, obatoclax is capable of inhibiting MCL-1, in addition to BCL-2 and BCL-XL (26) . In our study, we observed potent single-agent activity of obatoclax against four HNSCC cell lines. At the clinically achievable concentration (176 nM), all currently studied HNSCC cell lines were obatoclax-sensitive as demonstrated by their respective IC 50 's. However, the level of sensitivity varied between these cell lines. MCL-1 protein expression levels appeared to correlate with obatoclax sensitivity. In fact, UMSCC-22A harboring the lowest levels of MCL-1, was the least sensitive to obatoclax. Whether MCL-1 protein level can be used as a biomarker for obatoclax sensitivity in HNSCC requires further studies. MCL-1 has been shown to confer resistance to several molecular targeting agents, including ABT-737 and the proteasome inhibitor bortezomib (26) . Obatoclax was initially designed as a BH3-mimetic that liberates pro-apoptotic BAK from its association with MCL-1, leading to activation of the intrinsic apoptotic pathway (26) . In addition, obatolcax has been found to inhibit the NFκB and other anti-apoptotic signaling pathways leading to decreased MCL-1 expression in lymphoma cell lines (20) . We observed that obatoclax decreased MCL-1 expression in UMSCC-1 and Cal33, while expression levels were not affected in UMSCC-22A. The mechanism(s) responsible for obatoclax-induced downregulation of MCL-1 expression merits further evaluation. In this regard, bortezomib is known to increase MCL-1 levels by inhibiting its degradation via the proteasome (26) . Interestingly, bortezomib liberates p53 activity in human papilloma virus (HPV)-positive HNSCC cells, while obatolcax has been demonstrated to inhibit p53 activity in lymphoma cell lines (27) . All four HNSCC cell lines used in our study are HPV-negative, where p53 is either mutated or absent (28) . Thus, the effects we observed with obatoclax were p53-independent. The impact of obatoclax on NFκB signaling in HNSCC cells, as well as the impact of obatoclax on HPV-positive HNSCC cells remains to be determined. Moreover, it is possible that obatoclax will exhibit synergism in HNSCC cells with compounds such as bortezomib or ABT-737, whose activities are blunted due to MCL-1 expression.
The anti-apoptotic BCL-2 proteins regulate autophagy through binding and inhibition of Beclin-1, a key BH3 domain-containing protein that is essential for autophagy initiation (29) . The role of cellular autophagy has been somewhat controversial, with both cytoprotective and cytotoxic roles having been reported (30) . In esophageal carcinoma cells, inhibition of autophagy has been reported to enhance obatoclax activity (23) . We observed autophagy induction in all four HNSCC cell lines following treatment with obatoclax, as evidenced by upregulation of LC3-II protein and autophagasome formation. The addition of the autophagy inhibitor chloroquine increased obatoclax cytotoxicity in all HNSCC cells, suggesting a potential avenue for achieving enhanced therapeutic activity.
Novel targeted therapies with an improved toxicity profile, and the potential to improve outcome are in desperate need for patients with R/M HNSCC. Taken together, our results showed that obatoclax potently inhibited the growth activity of HNSCC cells, while inducing apoptotic cell death and prosurvival autophagy. Given its broad and potent preclinical activity, further evaluation of obatoclax, or similarly acting compounds, as a single-agent or in combination with an autophagy inhibitor is warranted in HNSCC. A: Chemical structure of obatoclax B: UMSCC-1, Cal33, 1483, and UMSCC-22A were grown in 6-well plates for 48 hours. Whole cell lysates were prepared and subjected to immunoblotting for MCL-1, BCL-2 and BCL-XL; β-actin was used as a loading control. Ratios were calculated by densitometric analysis. C: HNSCC cell lines were treated with 0.1% DMSO or increasing concentrations of obatoclax (1 nM -10 000 nM) for 48 hours. Growth inhibition was assessed by MTT assays. Each experiment was performed at least three independent times, and the values represent the mean (± SEM). A: HNSCC cells were treated with 0.1% DMSO or 200 nM of obatoclax for 48 hours, followed by immunoblotting for LC3-II. β-actin was used as a loading control. Ratios were calculated by densitometric analysis. Data shown are representative of those obtained in three independent experiments. B: UMSCC-22A cells stably expressing GFP-LC3 were treated with 0.1% DMSO or obatoclax for 24 or 48 hrs. Relocalization of GFP-LC3-II to a punctuate cytoplasmic distribution was assessed via confoncal microscopy. C: The average number of puncta per cell was determined as described in Materials and Methods. Columns represent the means from 3 independent experiments. Error bars represent SEM. D: HNSCC cells treated with increasing concentrations of obatoclax (1-1000 nM) in the absence (squares) or presence (triangles) of 10 μmol/L chloroquine. Cell growth was assessed by MTT assay at 48 hours. Each experiment was performed at least three times, and the values represent the mean ± SEM. E: Constant ratios of obatoclax (Ob) and chloroquine (CQ) were used to treat UMSCC-22A for 48 hours, followed by performance of MTT assays. The data represent the means from 3 independent experiments, and error bars the SEM. Combination indexes (CI) were determined according to the method of Chou and Talalay (25) .
